3K3A-activated protein C (APC), a cell-signaling analogue of endogenous blood serine protease APC, exerts vasculoprotective, neuroprotective, and anti-inflammatory activities in rodent models of stroke, brain injury, and neurodegenerative disorders. 3K3A-APC is currently in development as a neuroprotectant in patients with ischemic stroke. Here, we report that 3K3A-APC inhibits BACE1 amyloidogenic pathway in a mouse model of Alzheimer's disease (AD). We show that a 4-mo daily treatment of 3-mo-old 5XFAD mice with murine recombinant 3K3A-APC (100 µg/kg/d i.p.) prevents development of parenchymal and cerebrovascular amyloid-β (Aβ) deposits by 40-50%, which is mediated through NFκB-dependent transcriptional inhibition of BACE1, resulting in blockade of Aβ generation in neurons overexpressing human Aβ-precursor protein. Consistent with reduced Aβ deposition, 3K3A-APC normalized hippocampus-dependent behavioral deficits and cerebral blood flow responses, improved cerebrovascular integrity, and diminished neuroinflammatory responses. Our data suggest that 3K3A-APC holds potential as an effective anti-Aβ prevention therapy for early-stage AD.
Introduction
Activated protein C (APC) is an endogenous blood serine protease with anticoagulant and cytoprotective activities mediated by the activation of protease-activated receptor 1 (PAR1) via noncanonical cleavage . APC and its cytoprotective analogues exert beneficial effects in preclinical rodent models of stroke (Cheng et al., 2003 (Cheng et al., , 2006 Liu et al., 2004; Zlokovic et al., 2005; Thiyagarajan et al., 2008; Guo et al., 2009a,b; Wang et al., 2009 Wang et al., , 2012 Wang et al., , 2013 Wang et al., , 2016 Sinha et al., 2018) , brain trauma Walker et al., 2010) , multiple sclerosis (MS; Han et al., 2008) , amyotrophic lateral sclerosis (ALS; Zhong et al., 2009) , and systemic models of sepsis; ischemia-reperfusion injury of the heart, kidney, and liver; and diabetes, organ transplants, wound healing, and total body radiation (Griffin et al., 2015 .
3K3A-APC (Lys191-193Ala), a recombinant variant of APC in which three Lys residues (KKK191-193) were replaced with alanine, was engineered to lower APC-associated bleeding risk by reducing APC's anticoagulant activity by >90% (Mosnier et al., 2004) while retaining normal cytoprotective and cell-signaling activities (Mosnier et al., 2007; Guo et al., 2013; Wang et al., 2016) . 3K3A-APC has beneficial therapeutic effects in models of stroke (Guo et al., 2009a,b; Wang et al., 2012 Wang et al., , 2013 Sinha et al., 2018) , brain trauma , ALS (Zhong et al., 2009) , and MS (Han et al., 2008) . It directly protects neurons from divergent inducers of apoptosis via PAR1 and PAR3 (Guo et al., 2009a) similar to wild-type APC . Cell-signaling APC analogues, including 3K3A-APC, also protect brain endothelium and blood-brain barrier (BBB) integrity from different types of injury by inhibiting apoptosis of endothelial cells and promoting Rac1-dependent stabilization of the endothelial cytoskeleton, which requires PAR1 and endothelial protein C receptor (Guo et al., 2009a,b; Zlokovic and Griffin, 2011; Amar et al., 2018; Griffin et al., 2018) . Additionally, APC and 3K3A-APC have potent anti-inflammatory activity (Griffin et al., 2015 . In the nervous system, APC's cytoprotective analogues suppress microglia activation via PAR1 and inhibit expression of proinflammatory cytokines (Zhong et al., 2009; Zlokovic and Griffin, 2011; Griffin et al., 2018) .
3K3A-APC successfully meets the Stroke Therapy Academic Industry Roundtable criteria for preclinical drug assessment for all studied parameters (Zlokovic and Griffin, 2011) and has an established safety and pharmacokinetic profile in human volun-
Results and discussion
3K3A-APC prevents development of Aβ pathology in 5XFAD mice We treated 3-mo-old 5XFAD mice with murine recombinant 3K3A-APC daily (100 µg/kg/d i.p.) or vehicle (control) for 4 mo (Fig. 1 A) . The 3K3A-APC dosing regimen was within a range of previously reported treatment with APC's cell-signaling analogues in models of other neurodegenerative disorders such as ALS (Zhong et al., 2009; Winkler et al., 2014) and MS (Han et al., 2008) . First, we examined whether 3K3A-APC treatment influences the development of Aβ pathology. We found that 3K3A-APC compared with vehicle effectively inhibited parenchymal accumulation of Aβ40 (36% and 51% reductions) and Aβ42 (52% and 36% reductions) in the hippocampus and cortex, respectively (Fig. 1, B and C) and reduced by 40-50% total Aβ load (Fig. 1, D and E) and thioflavin S (ThS)-positive amyloid load (Fig. 1, F and G) in the hippocampus and cortex. Compared with vehicle, 3K3A-APC also reduced Aβ load in the vessel wall of the cortical pial arteries and penetrating arterioles by >40%, suggesting delayed development of cerebrovascular Aβ pathology and cerebral amyloid angiopathy (CAA; Fig. 1, H and I) .
Previous work in 5XFAD mice showed lower Aβ load in the hippocampus compared with cortex (Jawhar et al., 2012) despite higher Aβ levels (Kim et al., 2018) , consistent with the present findings. It is not entirely clear why Aβ load is lower in the hip-pocampus when total Aβ levels after guanidine extraction are higher than in cortex. It is possible, however, that the type of Aβ deposits in these two regions can explain this discrepancy; namely, 5XFAD mice have been shown to develop an even number of diffuse and dense Aβ plaques in the hippocampus, whereas in the cortex, the number of diffuse Aβ deposits with lower Aβ content compared with the dense Aβ plaques is twofold higher (Crouzin et al., 2013) . After guanidine extraction, a greater ratio of dense compared with diffuse Aβ deposits could yield higher Aβ peptide levels in the hippocampus than in the cortex, consistent with our ELI SA measurements (Fig. 1, B and C).
3K3A-APC inhibits amyloidogenic BACE1 pathway in 5XFAD neurons
Next, we asked how 3K3A-APC influences development of Aβ pathology. To address this question, we studied whether 3K3A-APC affects APP processing, Aβ clearance, or both. First, we showed that 3K3A-APC treatment slightly, but not significantly (P > 0.05), increased APP levels but did not alter γ-secretase activity, mRNA and protein levels of a disintegrin and metalloproteinase domain-containing protein 10 (ADAM10), an α-secretase responsible for the ectodomain shedding of APP in the mouse brain (Jorissen et al., 2010; Kuhn et al., 2010; Suh et al., 2013) , or the Aβ-degrading enzymes neprilysin and insulin-degrading enzyme (IDE), and it only slightly, but not significantly (P > 0.05), increased the levels of Aβ major clearance receptor at the BBB, the low-density lipoprotein receptor-related protein 1 (LRP1; Shibata et al., 2000; Deane et al., 2004;  Fig. S1 , A-H). Thus, none of the studied possible pathways above gave us a lead to explain the robust antiamyloidogenic effect of 3K3A-APC that we observed. Unexpectedly, we next found that 3K3A-APC substantially reduced brain cortical mRNA and protein levels of BACE1 (Fig. 2, A and B ), which was accompanied by an ∼50% decrease in BACE1 cortical activity and a decrease in sAPPβ (the N-terminal BACE1-cleaved soluble fragment of APP; Vassar, 2014 ) levels in the cerebrospinal fluid (CSF; Fig. 2 , C and D). Altogether, these data suggest that 3K3A-APC transcriptionally inhibits BACE1.
To understand the molecular mechanism underlying the observed BACE1 transcriptional inhibition by 3K3A-APC, based on literature search and previous findings, we investigated whether 3K3A-APC could influence the relationship between the transcription factor NFκB and BACE1. Namely, some earlier reports found that APC transcriptionally inhibits NFκB (Riewald and Ruf, 2005; Cheng et al., 2006) and also blocks NFκB nuclear translocation (White et al., 2000; Joyce et al., 2001; Yuksel et al., 2002; Riewald and Ruf, 2005; Cheng et al., 2006) , and other studies have shown that NFκB transcriptionally regulates BACE1 expression (Buggia-Prevot et al., 2008; Chami and Checler, 2012; Chen et al., 2012) . Consistent with these reports, we found that 3K3A-APC treatment of 5XFAD mice greatly reduced cortical levels of RelA mRNA, which encodes the NFκB-p65 subunit (Zhang et al., 2017; Fig. 2 E) , as well as total and nuclear NFκB-p65 protein levels by 46% and 35%, respectively (Fig. 2, F and G) . Immunohistochemical analysis for phosphorylated NFκB-p65 (p-NFκB-p65), the predominant form of NFκB in the nuclei (Zhang et al., 2017) , neuronal marker NeuN (neuronal nuclear antigen), and nuclear staining, indicated a substantial decrease in p-NFκB-p65 nuclear levels in neurons of 3K3A-APC-treated mice compared with vehicle-treated 5XFAD mice, as illustrated in the hippocampus (Fig. 2 , H and I). Collectively, these data suggest that 3K3A-APC likely inhibited the NFκB-BACE1 pathway regulating Aβ production in neurons.
To further validate these findings, we studied the effects of 3K3A-APC on the NFκB-BACE1 pathway in primary cortical neurons isolated from 5XFAD embryos. In these experiments, 3K3A-APC was studied at 5 nM, a concentration moderately higher than the EC 50 concentration of 3K3A-APC (3 nM) reported to directly protect cultured mouse cortical neurons from excitotoxic injury (Guo et al., 2009a,b) . In agreement with in vivo data, 3K3A-APC suppressed NFκB-p65 expression in 5XFAD primary neurons both at the transcriptional and protein level by 60% and ∼50%, respectively (Fig. 3, A and B) , and inhibited nuclear translocation of NFκB-p65 by 45% ( Fig. 3 C) . Furthermore, 3K3A-APC (G) protein levels in the cortex of 5XFAD mice treated with vehicle or 3K3A-APC. In E, RelA (NFκB-p65 subunit) mRNA levels were normalized by Gapdh mRNA. In F and G, β-actin and histone 3 were used as loading controls, respectively. (H and I) Representative images of NeuN-positive nuclei, p-NFκB-p65, and DAPI nuclear staining (H) and quantification of p-NFκB-p65 nuclear immunostaining (I) in hippocampal neurons (CA1 region) of 5XFAD mice treated with vehicle or 3K3A-APC. Bar in H, 25 µm (left) and 5 µm (right). In all panels, data are shown as single points per mouse with boxplots representing means ± SD. In A and E, n = 6-8 mice per group; in B and F, n = 7 mice per group; and in C, D, G, and I, n = 5 mice per group. *, P < 0.05; **, P < 0.01 (statistical significance by two-tailed Student's t test). See Fig. S3 for full gels for Western blot images used for quantification in B, F, and G.
diminished BACE1 expression at the mRNA and protein level by 35-40% (Fig. 3 , D and E), suppressed sAPPβ generation by ∼50%, and substantially reduced neuronal production of Aβ40 and Aβ42 by 53% and 35%, respectively, as shown by reduced levels of secreted Aβ isoforms in the culture medium ( Fig. 3 , F and G). Finally, we showed that overexpression of the dominant-active NFκB-p65 (S536E) mutant, a phosphomimetic form of NFκB-p65 , abolished 3K3A-APC-mediated suppression of BACE1 at the mRNA and protein level, as well as its effect on reducing sAPPβ levels ( Fig. 3 , H-J). Collectively, these in vitro data confirmed that 3K3A-APC inhibited the amyloidogenic Aβ pathway via NFκB-dependent transcriptional inhibition of BACE1.
It is well established that PAR1 is critical for APC and 3K3A-APC's protective effects on cells, including in vivo and in vitro neuroprotective effects (Guo et al., , 2009a (Guo et al., , 2013 Nazir et al., 2017; Griffin et al., 2018; Sinha et al., 2018) . Recent studies have shown that APC's biased signaling following R46, but not R41, cleavage of PAR1 is central to its beneficial protective effects on cells (Mosnier et al., 2014; Nazir et al., 2017) , including neuroprotection (Sinha et al., 2018) . After silencing PAR1, PAR2, PAR3, and PAR4 in 5XFAD cortical neurons, as previously reported (Guo et al., 2013) , we confirmed that PAR1 and PAR3 are required for 3K3A-APC's inhibition of the NFκB-BACE1 pathway and blockade of Aβ40 and Aβ42 production ( Fig. 4) , consistent with previous work showing that PAR1 and PAR3 mediate APC and 3K3A-APC's protective effects on neurons (Guo et al., , 2009a (Guo et al., , 2013 .
3K3A-APC exerts beneficial functional effects in 5XFAD mice
Next, we analyzed the effects of 3K3A-APC on different functional parameters, including hippocampal-dependent behavior, cerebrovascular function, and neuroinflammatory responses. We found that 3K3A-APC completely normalized the performance of 5XFAD mice on novel object location and fear conditioning tests back to control values, as seen in littermate controls (Fig. 5, A and B) . Additionally, 3K3A-APC treatment substantially improved CBF responses to whisker stimulation back to control values as in nontransgenic littermates (Fig. 5 C) and improved BBB and cerebrovascular integrity, as shown by 50-60% lower perivascular accumulation of blood-derived immunoglobulin G, fibrinogen, and hemosiderin deposits ( Fig. 5 , D-H). Consistent with reduced Aβ pathology, 3K3A-APC treatment compared with vehicle suppressed the neuroinflammatory response, as indicated by significantly (P < 0.05) lower numbers of ionized calcium-binding adapter molecule 1 (Iba1)-positive microglia in the hippocampus and cortex tissue (Fig. 5, I and J) . Consistent with previously shown APC's anti-inflammatory activity and reduction in microglia in an ALS model (Zhong et al., 2009) , we also found that 3K3A-APC compared with vehicle lowered the microglia count normalized to Aβ plaque load by 39% and 51% in the hippocampus and cortex, respectively (Fig. 5, K and L) , suggesting that 3K3A-APC reduces inflammation beyond the reduction in plaque load. 3K3A-APC also reduced the number of glial fibrillary acidic protein (GFAP)-positive astrocytes (Fig. 5, M and N) in the hippocampus and cortex and mRNA levels of proinflammatory cytokines, tumor necrosis factor α (Tnf-α), interleukin 6 (Il-6), chemokine (C-C motif) ligand 2 (Ccl-2), and intercellular adhesion molecule 1 (Icam-1), by 46%, 60%, 36%, and 44%, respectively ( Fig. 5 O) .
Mice treated with 3K3A-APC did not show changes in body weight, physiological parameters (e.g., heart rate, arterial blood pressure, pO 2 , pCO 2 , respiration rate, and blood pH), and/or systemic biochemical parameters such as plasma glucose, cholesterol and albumin levels, and liver and kidney analyses (e.g., levels of total protein, alanine aminotransferase, and blood urea nitrogen; Fig. S2 ).
Discussion of key findings
Our data show that 3K3A-APC blocks neuronal production of Aβ42 and Aβ40 in 5XFAD mice by inhibiting BACE1 amyloidogenic pathway, which prevented development of Aβ parenchymal and cerebrovascular pathology by 40-50% resulting in normalization of hippocampus-dependent memory tasks and CBF responses to neuronal stimulation, improved BBB and cerebrovascular integrity, and suppressed neuroinflammatory responses ( Fig. 5 P) . This novel mechanism of 3K3A-APC anti-amyloidogenic action adds to the spectrum of its multiple beneficial neuroprotective, vasculoprotective, and anti-inflammatory effects in the nervous system previously shown in models of acute brain injury, such as stroke (Guo et al., 2009a,b; Wang et al., 2012 Wang et al., , 2013 Sinha et al., 2018 ) and brain trauma , and chronic neurodegenerative disorders such as ALS (Zhong et al., 2009 ) and MS (Han et al., 2008) . Since 3K3A-APC is safe and well tolerated in humans (Williams et al., 2012; Lyden et al., 2013) including stroke patients (Lyden et al., 2018) , the present data support that 3K3A-APC holds potential as an effective anti-Aβ therapy for early-stage AD in humans.
The present study did not find that 3K3A-APC treatment affected any other pathway implicated in APP processing and/or Aβ clearance besides BACE1 inhibition. An earlier study reported that wild-type human APC at higher concentrations can increase ADAM10 levels in human neuroblastoma cell line (Li et al., 2014) , which may inhibit Aβ production through α-secretase activity (Jorissen et al., 2010; Kuhn et al., 2010; Suh et al., 2013) . This finding, however, has not been replicated in the present study. The reason for the difference between previous and the present study is not clear, but might reflect differential species-dependent activities between wild-type anticoagulant human plasma-derived APC used in a previous study, and a recombinant cell-signaling specific murine 3K3A-APC used in the present study.
BACE1 is the rate-limiting enzyme in the amyloidogenic pathway generating synaptotoxic Aβ species and therefore one of the prime drug targets for reducing the levels of Aβ in the AD brain (Vassar, 2014) . Genetic studies have shown that complete BACE1 knockout in 5XFAD mice protects from Aβ42 accumulation, prevents neuron loss, and rescues memory deficits in 18-moold mice (Ohno et al., 2007) . Even deleting a single copy of the BACE1 gene in 5XFAD mice reduced accumulation of Aβ42 and Aβ40 by 50-60% and completely normalized hippocampus-dependent memory tasks in 6-mo-old mice (Kimura et al., 2010) . Similarly, sequential and increased deletion of BACE1 in 5XFAD adult mice was capable of reversing amyloid deposition and improving cognitive functions (Hu et al., 2018) . A 2-mo treatment of 4-mo-old 5XFAD mice with BACE1 inhibitor led to ∼40% re-duction in Aβ42 levels and normalized behavior, but the same treatment of 10-mo-old 5XFAD mice had only modest effects on Aβ pathology and no effect on cognitive function . A short 2-wk treatment of 1.5-mo-old APP Sw/0 /PSEN1 mice with BBB-permeable BACE1 inhibitor led to a 75-80% decrease in soluble Aβ levels, whereas 3-mo treatment of 4-mo-old APP Sw/0 / PSEN1 mice slowed down the formation of new plaques but did not have any effect on existing plaques (Peters et al., 2018) . Collectively, these studies suggest that the optimal timing for treatment of Aβ pathology with BACE1 inhibitors is early in the disease course, before widespread Aβ plaque formation occurs.
The transcription factor NFκB is widely expressed in the central nervous system (Zhang et al., 2017) , and its increased levels have been shown in AD brains in the vicinity of Aβ plaques asso- ciated with increased BACE1 levels (Chen et al., 2012) . Studies in APP-expressing cell lines have shown that some NFκB inhibitors can decrease Aβ40 and Aβ42 production, sAPPβ and APP-CTFβ (BACE1 cleaved APP C-terminal fragment) levels, and BACE1 levels, suggesting that they inhibit BACE1 cleavage of APP (Paris et al., 2007 (Paris et al., , 2010 , consistent with reports showing that NFκB transcriptionally regulates BACE1 expression (Buggia-Prevot et al., 2008; Chami and Checler, 2012; Chen et al., 2012) . In agreement with findings that APC transcriptionally inhibits NFκB expression (Riewald and Ruf, 2005; Cheng et al., 2006) and blocks NFκB nuclear translocation (White et al., 2000; Joyce et al., 2001; Yuksel et al., 2002; Riewald and Ruf, 2005; Cheng et al., 2006) , we showed that 3K3A-APC inhibited expression and nuclear translocation of NFκB in neurons of 5XFAD mice, as demonstrated in both in vivo and cortical neuron cultures from 5XFAD mice. We also showed that 3K3A-APC transcriptionally blocks BACE1 expression in neurons and Aβ production, which is NFκB dependent, as indicated by the lack of 3K3A-APC transcriptional inhibition of BACE1 in neurons overexpressing a dominant-active phosphorylation mimic form of NFκB-p65 (S536E; Hu et al., 2004) .
Consistent with findings showing that BACE1 inhibition causing an ∼50% reduction in Aβ pathology completely normalized Western blots for PAR1, PAR2, PAR3, and PAR4 in primary cortical neurons from 5XFAD mice 72 h after transfection with siRNA oligonucleotides targeting PAR1 (siF2r), PAR2 (siF2rl1), PAR3 (siF2rl2), and PAR4 (siF2rl3). GAP DH was used as a loading control. (B and C) Relative abundance of total NFκB-p65 (B) and BACE1 (C) protein levels in primary cortical neurons from 5XFAD mice, determined after treatment with vehicle or 3K3A-APC at 5 nM for 24 h after PAR1, PAR2, PAR3, or PAR4 silencing. (D) Secreted Aβ40 and Aβ42 levels in the culture medium from primary cortical neurons from 5XFAD mice after treatment with vehicle or 3K3A-APC at 5 nM for 24 h after PAR1, PAR2, PAR3, or PAR4 silencing. Cortical neurons were maintained for 14 d in culture before silencing PARs. In B and C, β-actin was used as a loading control. In all panels, data are shown as single points per individual culture with boxplots representing means ± SD, n = 3-4 independent cultures. *, P < 0.05; **, P < 0.01; ***, P < 0.0001 (statistical significance by ANO VA). P values were determined by Dunnett's multiple-comparisons post hoc test (B-D). See Fig. S3 for full gels for Western blot images used for quantification in B and C. hippocampus-dependent behavior in early-disease-stage 5XFAD mice (Kimura et al., 2010; , we also found that a similar 40-50% reduction of Aβ deposits by 3K3A-APC fully normalized hippocampus-dependent behavior in 7-mo-old 5XFAD mice back to values seen in nontransgenic controls. As lowering Aβ levels in blood vessels improves CBF responses in APP models (Niwa et al., 2000; Sagare et al., 2007) , it is not surprising that reduced Aβ cerebrovascular pathology by 3K3A-APC normalized CBF response to neuronal stimulation in 5XFAD mice. Although, direct neuroprotective effects of 3K3A-APC (Guo et al., 2009a,b; Wang et al., 2009) against Aβ toxicity cannot be ruled out as contributing to normalization of cognitive and CBF responses, 5XFAD mice at this stage still do not develop an overt neuron loss (Oakley et al., 2006) . Moreover, previous work in early-disease-stage 5XFAD and APP Sw/0 /PSEN1 mice (Kimura et al., 2010; Peters et al., 2018) suggests that BACE1 inhibition in neurons at the level achieved by the current 3K3A-APC treatment can reduce Aβ pathology to a degree sufficient on its own to normalize behavior. Since Aβ vasculotoxic effects in APP models depend on Aβ load (Montagne et al., 2017) and Aβ and amyloid load highly correlate with glial responses in 5XFAD mice (Hu et al., 2018) , it is not surprising that 3K3A-APC improved cerebrovascular integrity and suppressed neuroinflammatory responses. As with cognition, the present data, however, cannot rule out possible direct contributions of 3K3A-APC on stabilizing BBB integrity and/or controlling neuroinflammatory response, as reviewed elsewhere (Zlokovic and Griffin, 2011; Griffin et al., 2018) .
At present, pharmacological BACE1 inhibition failed to rescue the cognitive decline in mild-to-moderate AD patients (Egan et al., 2018) , which indicates that treatment at the symptomatic stage might be too late (Vassar, 2014) . Based on animal model findings, ongoing trials with BACE1 inhibitors in individuals with mild cognitive impairment and early-stage AD and prevention trials before the onset of clinical symptoms (https:// clinicaltrials .gov/ ct2/ show/ NCT03131453) will likely have a better outcome compared with trials in mild-to-moderate-stage AD (Vassar, 2014) . However, the outcome of these trials remains to be seen. In this regard, the present results indicate that 3K3A-APC is likely to be an effective anti-Aβ treatment for early-stage AD and mild cognitive impairment. Whether 3K3A-APC's direct neuroprotective, vasculoprotective, and anti-inflammatory effects independent of its antiamyloidogenic activity can improve cognitive outcome in late-stage APP models in which BACE1 inhibitors were ineffec-tive Peters et al., 2018) , and by extension in AD patients at the symptomatic stage, is an intriguing question that remains to be addressed by future studies.
Materials and methods

Animals
Transgenic mice with five familial AD mutations (5XFAD) used in this study were purchased from The Jackson Laboratory (34840-JAX) and were on B6SJL genetic background. 5XFAD mice carry K670N/M67L (Swedish), I716V (Florida), and V717I (London) mutations in human APP (695) and M146L and L286V mutations in the human PSEN1 gene in the brain (Oakley et al., 2006) . Both transgenes are regulated by neuronal mouse Thy1 promoter and express transgenes exclusively in neurons (Oakley et al., 2006) . Our preliminary data indicated that sex did not influence the development of Aβ pathology in 5XFAD mice at a disease stage that we studied, consistent with several previous reports in 5XFAD mice (Oakley et al., 2006; Mariani et al., 2017) . Therefore, both female and male mice were used in the study. Treatment groups were composed of gender-balanced littermates randomly assigned to treatment using random number generator. The animals were housed in plastic cages on a 12-h light cycle with ad libitum access to water and a standard laboratory diet. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Southern California following National Institutes of Health guidelines.
Treatment with 3K3A-APC Murine recombinant 3K3A-APC (KKK192-194AAA) was prepared as described previously (Mosnier et al., 2004) . 3K3A-APC diluted in saline (100 µg/kg/d) or saline (vehicle) was administered daily by intraperitoneal injections in 3-mo-old 5XFAD mice for 4 mo.
Behavior
Novel object location
The novel object location test was performed as previously reported, with modifications (Bell et al., 2010; Sagare et al., 2013) . Animals were habituated in a 30-cm 3 box for 10 min on 3 consecutive d. On the third day, after 10 min of habituation, animals were placed in the box with two identical ∼5 × 5-cm objects placed in the top left and right corners of the testing area. Animals were allowed to explore the objects for 5 min and then returned to their images of Iba1-positive microglia (red) and ThS amyloid plaques (green) in the hippocampus CA1 region (I) and quantification of microglia numbers per mm 2 in the hippocampus (Hpp) and cortex (Ctx; J) of 5XFAD mice treated with vehicle or 3K3A-APC. Bar, 50 µm (I). home cages. After 1.5 h, one of the objects was relocated diagonally (novel), and the animals were reintroduced to the testing area and allowed to explore the area for 3 min. After each trial, the testing area and the objects were thoroughly cleaned with 70% ethanol solution. All the trials, including habituation, were recorded with a high-resolution camera, and the amount of time each animal spent exploring the objects was analyzed and presented as the percentage of time spent with novel objects over summarized time spent with novel and old objects. Any animal that showed a preference for either of the two identical objects before replacement with the novel location or stayed in the corner during the habituation was eliminated from the analysis.
Contextual fear conditioning
Contextual fear conditioning test was adapted from previously described protocols (Kimura et al., 2010; Montagne et al., 2018) . The experiments were performed using a standard conditioning chamber equipped with a stainless-steel grid floor attached to a shock source that was controlled by FreezeFrame software (Coulbourn Instruments), and a digital camera was mounted on the ceiling to monitor behavior. During training, mice were placed in the conditioning chamber for 5 min and received four footshocks (0.4 mA, duration 1 s) 1 min apart starting after 2 min. Contextual memory was tested in the same chamber the next morning without footshock. The automated FreezeFrame system was used to score the percentage of total freezing time with a threshold set at 10% and minimal bout duration of 0.25 s.
CBF studies CBF responses to vibrissal stimulation in anesthetized mice (∼0.4% isoflurane) were determined using laser Doppler flowmetry, as described previously (Deane et al., 2012) . Briefly, the skin was cut to reveal the skull, and the tip of the laser Doppler probe (Transonic Systems Inc.) was stereotaxically placed 0.5 mm over the whisker barrel cortex area. The contralateral vibrissae were cut to 5 mm and stimulated by gentle stroking at 3-4 Hz for 60 s with a cotton-tip applicator. Rectal temperature was maintained at 37°C using a heated blanket (Homeothermic Blanket; Harvard Apparatus). CBF was recorded during stimulation, and the percentage CBF increase was obtained by subtracting the baseline from the maximum CBF value reached during stimulus. A total of three trials were averaged for each mouse with 10-min recovery periods between trials.
Immunohistochemistry (IHC)
Mice were anesthetized i.p. with 100 mg/kg ketamine and 10 mg/kg xylazine and transcardially perfused with ice-cold 0.01 M PBS, pH 7.4, containing 5 mM EDTA. Brains were rapidly removed, and one hemisphere was embedded in optimal cutting temperature compound (Tissue-Tek); the other hemisphere was saved for protein and RNA analyses. Frozen brains were serially sectioned in a sagittal plane on a cryostat (20 µm) and postfixed with 4% paraformaldehyde for 10 min. After washing with PBS, the sections were blocked in 5% normal donkey serum (Vector Laboratories)/0.3% Triton-X/0.01 M PBS for 1 h and incubated with primary antibodies diluted in blocking solution overnight at 4°C. We used the following antibodies: rabbit anti-human Aβ (to detect Aβ deposits); mouse FITC-conjugated α-smooth muscle actin (αSMA; to visualize vascular smooth muscle cells); rabbit polyclonal anti-human NFκB-p65 (phospho S536), which cross-reacts with mouse NFκB-p65 (phospho-S536); mouse anti-mouse NeuN (to visualize the phosphorylated form of NFκB-p65 staining in neurons); rabbit polyclonal anti-human fibrinogen, which cross-reacts with mouse fibrinogen (Montagne et al., 2018) and recognizes both the monomeric form of fibrinogen and fibrinogen-derived fibrin polymers (to detect extravascular fibrinogen deposits); 647-conjugated donkey anti-mouse IgG (to detect extravascular IgG deposits); rabbit polyclonal anti-mouse Iba1 (to visualize microglia); and rabbit polyclonal anti-bovine GFAP, which cross-reacts with mouse GFAP (to visualize astrocytes; Montagne et al., 2018) . To visualize brain vessels, sections were incubated with Dylight 488-conjugated Lycopersicon esculentum lectin together with primary antibodies. After incubation in primary antibodies, sections were incubated with fluorophore-conjugated secondary antibodies (see Table S1 for detailed information on antibodies used). For detection of Aβ plaques, after paraformaldehyde fixation, the sections were incubated in 1% aqueous ThS (T1892; Sigma) for 5 min and rinsed in 80% ethanol, 95% ethanol, and distilled water. To visualize hemosiderin deposits, an Iron stain kit (HT20-1KT; Sigma) was used following the manufacturer's instructions. All the slides were mounted with DAPI Fluoromount (0100-20; Southern Biotech) or ImmunoHistoMount (sc-45086; Santa Cruz).
Aβ and ThS deposits
Aβ-positive and ThS-positive areas were determined using Im-ageJ software (National Institutes of Health). Briefly, the images were taken on a BZ9000 fluorescent microscope in single plain at 20× (640 × 480 µm image size) and subjected to threshold processing (Otsu) using ImageJ, and the percent area occupied by the signal in the image area was measured as described previously (Sagare et al., 2013) . In each animal, five randomly selected fields from the cortex and hippocampus were imaged and analyzed in four nonadjacent sections (∼100 µm apart). Eight animals in each group were analyzed.
CAA
To visualize CAA, brain sections were double stained with αSMA and Aβ antibody and imaged on a BZ9000 fluorescence microscope in single plain at 10× magnification. In each animal, three sections and five images per section containing pial arteries and penetrating arterioles (≥20 µm) were analyzed as described previously (Cortes-Canteli et al., 2010; Lin et al., 2016) , with modifications. Briefly, on merged images containing both (αSMA and Aβ) channels, the outline around the vessels that fits predefined criteria was made using freehand selection tool and the signal was cleared outside using ImageJ software. After thresholding both channels using Otsu, the percent area was calculated for both colors within the outline made previously. Percent area occupied with Aβ was divided by percent area occupied with αSMA to obtain percent Aβ vascular load reflecting development of CAA. A total of 10-15 vessels per animal and 5-7 animals per group were analyzed.
p-NFκB-p65
To visualize the phosphorylated form of NFκB-p65 in neurons, brain sections were stained with NFκB-p65 (phospho S536) and NeuN antibodies. Quantification was performed from images taken on a Nikon confocal microscope in single plain with standardized gain, digital offset, and laser intensity, and these conditions were kept identical for both groups. Briefly, the p-NFκB-p65 relative signal intensity in the NeuN-and DAPI-positive nuclei was measured using ImageJ after Otsu threshold processing, as described previously (Cheng et al., 2006) . In each animal, three randomly selected fields from the hippocampus CA1 region were analyzed in three nonadjacent sections (∼100 µm apart). Five animals per group were analyzed.
Extravascular fibrin(ogen) and IgG deposits
Quantification was performed from maximum projections of 10-µm-thick Z-stack images taken on a BZ9000 fluorescent microscope subjected to threshold processing (Otsu) using ImageJ, as described previously (Montagne et al., 2018) . Briefly, the amount of perivascular deposits of fibrin(ogen) and IgG was determined as integrated density of the deposits on the abluminal side of the lectin-positive vessels. Representative images were taken on a Nikon confocal microscope with standardized gain, digital offset, and laser intensity, and these conditions were kept identical for both groups. In each animal, five randomly selected fields from the cortex and hippocampus were analyzed in four nonadjacent sections (∼100 µm apart). Seven animals per group were analyzed.
Hemosiderin deposits
Hemosiderin deposits in brain sections were detected by Prussian blue staining, as previously described (Zhong et al., 2008) . Percent area occupied by Prussian blue-positive deposits was quantified using ImageJ. In each animal, five randomly selected fields from the cortex and hippocampus were analyzed in four nonadjacent sections (∼100 µm apart), as we reported.
Quantification of Iba1-positive microglia and GFAPpositive astrocytes
Quantification was performed from maximum projections of 10-µm-thick Z-stack images taken on a BZ9000 fluorescence microscope at 20× magnification subjected to threshold processing (Otsu) using ImageJ, as described previously (Montagne et al., 2018) . Briefly, the number of Iba1-positive microglia and GFAP-positive astrocytes that also demonstrated DAPI-positive nuclear staining was quantified using the ImageJ Cell Counter analysis tool. In each animal, the numbers of microglia and astrocytes in the cortex and hippocampus were determined in five randomly selected fields from four nonadjacent sections (∼100 µm apart). Six to seven animals per group were analyzed. Representative images were taken on a Nikon confocal microscope with standardized gain, digital offset, and laser intensity, and these conditions were kept identical for both groups.
In a separate experiments, we performed additional analysis of microglia counts per Aβ plaque area using a similar approach that we recently reported for microglia counts normalized to fibrin deposits (Montagne et al., 2018) . Briefly, we selected 100 × 100-µm regions of interest (ROIs) with ThS and Iba1 dou-ble-stained sections from 3K3A-APC-treated and vehicle-treated 5XFAD mice and assessed the size of each plaque in the ROI and the number of the Iba1-positive cells around each plaque. We then expressed the number of Iba1-positive cells per plaque area defined as number of Iba1-positive cells/µm 2 of Aβ plaque area. Twenty randomly selected ROIs per mouse from four sections 100 µm apart were used in these calculations.
Primary neuronal cell culture Primary cortical neurons were isolated from brains of 5XFAD mouse embryos (embryonic day 15.5) as previously described (Guo et al., 2009a) . Isolated neuronal cells from each embryo were separately plated on poly-D-lysine-coated plates at a density of 10 6 cells per well of 6-well plates. Neuronal cultures were grown for 2 wk in a humidified 5% CO 2 incubator at 37°C. A small piece of tissue from each embryo was used for 5XFAD genotyping using primers (5′-AGG ACT GAC CAC TCG ACC AG-3′ and 5′-CGG GGG TCT AGT TCT GCAT-3′). Cortical neurons that were positive for 5XFAD genotype and their culture medium was used in further experiments, as described below. All experiments were run in duplicates of at least three independent cultures. Each 5XFAD embryo represented one culture.
Transfection of cortical neurons 2-wk-old differentiated cortical neurons were transfected with T7-RelA (S536E) plasmid (plasmid 24156; Addgene) using Lipofectamine 3000 and following the manufacturer's instructions (L3000008; Thermo Fisher). Cells were treated with vehicle or 3K3A-APC (5 nM) for 24 h. Neuronal cells were collected for analysis of NFκB-p65 and BACE1 with immunoblotting, and relative abundance of RelA and Bace1 mRNA by real-time quantitative PCR (RT-qPCR). Neuronal culture medium was collected for analysis of human Aβ40, Aβ42, and Swedish sAPPβ levels with ELI SA, as described below.
Silencing of PARs 2-wk-old differentiated cortical neurons from 5XFAD mice were transfected with the scrambled or one of the following siRNAs from Dharmacon: F2r (E-054176-00-0010), F2rl1 (E-061445-00-0010), F2rl2 (E-055946-00-0010), and F2rl3 (E-062092-00-0010), in order to silence expression of PAR1, PAR2, PAR3 and PAR4, respectively, following the manufacturer's instructions and as previously described (Guo et al., 2013) . After 72 h, cells were treated with vehicle or 3K3A-APC (5 nM) for 24 h. Neuronal cells were collected for analysis of NFκB-p65 and BACE1 by immunoblotting, and neuronal culture medium was collected for analysis of secreted Aβ40 and Aβ42 levels with ELI SA, as described below.
Protein and mRNA quantification Cortex and hippocampus were isolated and snap frozen from one brain hemisphere from transcardially perfused mice (see the Immunohistochemistry (IHC) section for details) and were used for protein and RNA analyses.
Human Aβ40-and Aβ42-specific ELI SA Hippocampi and cortices were homogenized in ice-cold guanidine buffer (5 M guanidine hydrochloride/50 mM Tris HCl, pH 8), as described previously (Sagare et al., 2007) . Hippocampi and cortices, as well as culture medium collected from 5XFAD primary neuronal cultures, were used for measurement of human Aβ40 and Aβ42 levels by using a Meso Scale Discovery assay (K15200E-1). sAPPβ assay CSF collected from cisterna magna of anesthetized 5XFAD animals and culture medium collected from 5XFAD primary neuronal cultures (concentrated by 10-fold) were used to determine the levels of sAPPβ released from the Swedish variant of APP by Meso Scale Discovery assay (K151BUE-1).
Immunoblotting
Cortical brain samples, cortical microvessels, or primary cortical neurons were lysed in RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, and Roche protease inhibitor cocktail). After sonication, the samples were centrifuged at 20,000 g for 20 min, and supernatants were used for protein quantification (23228; Thermo Fisher). Nuclear protein extraction of brain samples or cortical neurons was prepared according to the manufacturer's instructions (78833; Thermo Fisher). Samples were prepared with lithium dodecyl sulfate sample buffer (Invitrogen), and proteins (5-15 µg) were separated by electrophoresis on NuPAGE Novex Bis-Tris precast 4-12% gradient gels (Thermo Fisher). After electrophoretic transfer, nitrocellulose membranes (Bio-Rad) were blocked with blocking buffer (37536; Thermo Fisher) and incubated overnight at 4°C with primary antibodies diluted in blocking solution. After washing with Tris-buffered saline containing 0.1% Tween 20, membranes were incubated with HRP-conjugated donkey anti-rabbit secondary antibody for 1 h at room temperature (see Table S2 for details on primary and secondary antibodies), washed again in Tris-buffered saline containing 0.1% Tween 20, and treated for 5 min with Super Signal West Pico chemiluminescent substrate (Thermo Fisher). Membranes were exposed to CL-XPosure film (Thermo Fisher) and developed in X-OMAT 3000 RA film processer (Kodak). The intensity of blots was determined using ImageJ. The intensity of protein bands was normalized with respective loading control bands.
RT-qPCR
Relative mRNA abundance of human APP (hAPP), mouse β-secretase (Bace1), mouse NFκB-p65 subunit (RelA) in brain homogenates and primary neurons, and of the neuroinflammatory murine cytokines and chemokines, mouse Il6, mouse Icam-1, mouse Tnfα, and mouse Ccl2 in brain homogenates was determined by RT-qPCR. Total RNA from the cortical brain samples or primary cortical neurons was prepared using a RNeasy kit (74104; QIA GEN), and RT-qPCR amplification was performed using a one-step SYBR green qPCR kit (95087; QuantaBio). Relative abundance was calculated using the ΔΔCt method normalized to the housekeeping mouse gene Gapdh, as described previously (Montagne et al., 2018) . The primers used are listed in Table 1 .
β-Secretase activity assay β-Secretase 1 (BACE1) activity was measured in brain homogenates using a fluorogenic β-secretase activity assay kit (565785; Calbiochem), according to the manufacturer's instructions. The enzymatic product was measured on a fluorescence plate reader (Wallac Victor V2; PerkinElmer).
Analysis of physiological and biochemical parameters
Heart rate and systolic and diastolic arterial blood pressure were monitored using a CODA Monitor (Kent Scientific). For respiration rate, the number of breaths was averaged from three individual 60-s trials. Blood gases and pH were determined from a small sample (∼90 µl) of arterial blood, collected from the cannulated right femoral artery, using the i-STAT CG8+ moderately complex panel (03P88-25; Abbott). For analysis of liver and kidney function, ∼200 µl EDTA-plasma was collected and sent to IDE XX BioResearch for screening (test codes 60405 and 60406, respectively).
Statistical analysis
Sample sizes were calculated using nQUE RY, assuming a twosided α level of 0.05, 80% power, and homogenous variances for the two samples to be compared, with the means and common SD for different parameters predicted from published work and our previous studies. For comparison between two groups, an F test was conducted to determine similarity in the variances between the groups that are statistically compared, and statistical significance was analyzed by Student's t test or Mann-Whitney U test. For multiple comparisons, one-way ANO VA followed by Tukey's post hoc or Kruskal-Wallis test were used. For all analyses, Shapiro-Wilk normality test was used to test normality of the data and appropriate test to determine statistical significance was applied using GraphPad Prism 7.0 software. P < 0.05 was considered to be significant. All data are shown as scatterplots, with single points per mouse and/or culture and boxplots representing means ± SD, as indicated in the figure legends. 
Gene
Forward primer Reverse primer Bace1 5′-GAT GGT GGA CAA CCT GAG-3′ 5′-CTG GTA GTA GCG ATG CAG-3′
Online supplemental material Fig. S1 shows no changes in APP mRNA and APP, Notch 1 intracellular domain, ADAM10, IDE, neprilysin, and LRP1 protein levels after 3K3A-APC treatment. Fig. S2 shows that 3K3A-APC treatment does not affect systemic physiological and biochemical parameters. Fig. S3 shows full blots of Western blot data. Table S1 shows primary and secondary antibodies used for IHC. Table S2 shows primary and secondary antibodies used for immunoblotting.
